Atonic seizures have traditionally been described in patients with generalized epilepsies; however, ictal atonia is increasingly recognized as a phenomenon of focal seizures. Recognition of atonia as a manifestation of focal seizures is crucial in order to not mislabel these events as non-epileptic. In addition, a large number of patients, who undergo presurgical investigations due to focal pharmacoresistant epilepsy, may present with atonia. Therefore, knowledge about the clinical manifestation of atonic seizures and pathological and anatomical insight about the generators of atonia are pivotal to form a hypothesis about the seizure onset zone in epilepsies presenting with such seizures. First, we aim to outline the nomenclature and the definitions in use to describe this enigmatic phenomenon. Second, this paper provides insight into the clinical manifestation and summarizes the cases reported in the literature that meet the criteria of focal atonic seizures. Third, we provide an overview of the current pathophysiological concepts surrounding focal atonia based on the clinical manifestation. This comprehensive review will provide in depth understanding of focal atonic seizures, which will aid in general neurological practice and in the presurgical work up of patients with pharmacoresistant epilepsy manifesting as atonic seizures.
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motor seizure seen in 13% of patients following this seizure type. 10 The phenomenon, that epileptic activity can cause both positive and negative effects was summarized by Penfield and Jasper who termed the fundamentally different effects of seizures on function as ''epileptic activation, and epileptic interference''.
11
Epileptic interference is a well recognized phenomenon and predominantly affects complex cortical functions as seen in aphasic seizures and seizures with loss of consciousness. Therefore it is not surprising that in cortical stimulation, traditionally performed to map sensory, motor and language function, stimulation of the latter leads to disruption whereas stimulation of primary motor and sensory cortex leads to a positive phenomenon as movement or tingling sensation.
Since the recognition of atonia as an ictal event, many varying terms have been used to describe atonic seizures which have rather added confusion to this seizure type. Some of these terms, e.g. negative epileptic myoclonus imply a distinct duration of the atonia period and others are used when particular muscle groups are atonic. Epileptic drop attacks for example imply predominant atonia of trunk muscles (for a detailed overview of the different terms used to describe ictal atonia and their implication on the episode duration see Fig. 1 ). Unfortunately, in many cases the same terms that have been used to describe atonia as manifestation of seizures, are also applied to positive seizure phenomena as tonic seizures. Therefore the term ''drop attack'' has been proposed for both tonic and atonic seizures and as such has been used in many studies looking at therapeutic outcomes in this type of epilepsy. 9, 12, 13 This term primarily describes a consequence of the seizure, the ''drop'', rather than its semiology further adding confusion to the concept of atonic seizures. Some of this confusing nomenclature derives from the fact that tonic and atonic seizures are often seen in close temporal combination. This sheds light on the pathophysiology of atonic seizures which is intimately linked to primary motor area activation and thus to the primary motor cortex (Fig. 2) . Another difficulty is the distinction between the ictal paralysis from paralysis due to postictal state and other causes for paralysis. Attempts to separate atonic seizures from similar non-ictal events led to a definition of atonic seizures based on clinical findings and supported by EEG recordings. 6, 7 Simultaneous recording of the EEG and preferably also the EMG to demonstrate absence of myographic activity remains the gold standard in diagnosing ictal atonia, although the diagnosis can be made based on clinical observation. Noachtar et al. have outlined a set of criteria which adopted ideas raised in a proposal by So. 6, 7 Interestingly, Noachtar and Luders used the term akinetic rather than atonic seizures. The term akinetic seizure refers to seizures with both lack of initiation of movement or paucity of movement secondary to muscle atonia. Clinically these two situations are rarely distinguished, since simultaneous EMG recording is often not performed. This theoretically could distinguish between true atonia and akinesia. Moreover, diagnosis of akinesia relies on either clinical testing for a movement task or detailed history after the event to determine whether the patient intended to perform movements. Most likely the generators involved in the two phenomena are different. The criteria for akinetic seizures outlined by Noachtar and Luders also apply to the definition of atonic seizures, since atonic seizures a subgroup of akinetic seizures. Based on their proposal, such seizures are defined as seizures with preserved consciousness and reduced muscle tone, whereas loss of consciousness in the absence of other positive epileptic features is classified as a dialeptic seizure. 7 If the diagnosis of ictal akinesia/atonia is made based on clinical grounds, these criteria require that convulsive activity is present at the same time, or that atonia is clearly embedded in a sequence of events which by semiology and anatomical criteria are considered ictal in origin (for detailed criteria see Fig. 1 ; lower panel). Other causes for paralysis as transitory ischemic events and migraine auras need to be excluded in this setting. Given that EEG recordings significantly enhance the level of certainty about these events being ictal, we propose to introduce the terms probable atonic seizures, if atonic seizures are diagnosed on a clinical ground and definite atonic seizures for seizures where ictal findings are supported by either scalp or intracranial EEG recordings ( Fig. 1 ; lower panel).
It is important to bear in mind that atonic attacks may be seen in psychogenic nonepileptic seizures.
14 These may present as psychogenic pseudosyncopes and these patients may be seen in the first instance by cardiologists for diagnostic evaluation of syncopes. Benbadis and Chichkova have outlined a set of criteria that helps to distinguish between psychogenic pseudosyncope and epileptic seizures. In contrast to epileptic seizures, psychogenic pseudosyncopes often can be triggered by an activation procedure, the patient remains motionless and unresponsiveness with eyes closed and EEG is normal throughout the event. 15 
Clinical manifestation of focal atonic seizures
Several case series have summarized clinical semiology of atonic seizures in benign childhood epilepsy with centrotemporal spikes (BECTS [16] [17] [18] [19] [20] ). Children suffering from atonic seizures in the setting of BECTS syndrome, present with neck and trunk atonia leading to falls. Attacks are usually brief, in the range of several hundred milliseconds, and those atonic seizures show a favorable response to steroids and/or immunoglobulins. 20 To our knowledge 18 patients with definite atonic seizures other than manifestations of BECTS syndrome have been reported that meet the criteria for atonic seizures as outlined above. Table 1 summarizes clinical, imaging and electrographic data of these patients. Analysis of the seizure semiology in these patients shows that atonia involved the upper limb muscles in 12 (67%), lower limb muscles in 2 (11%) patients, atonia presented as hemiparesis in 3 (17%) cases and involved trunk muscles in 1 (6%) patients. Atonia as the only presentation of a seizure was rare and was observed in only 3 cases (17%). Usually, atonia was embedded in a seizure that also presented with motor and or sensory signs. Motor signs in the same seizure were found in 11 (61%) cases. An aura, preceding atonia was reported in 9 (50%) patients. In 4 patients this was a somatosensory aura involving the limb that presented with atonia whereas in the other 5 cases the aura consisted of an alien limb sensation, a discomfort in the chest or was unspecific.
Interestingly, a study that looked at SMA seizures as confirmed by intracranial recordings concluded that sensory auras were observed in a similar proportion of patients, 50%, which may point to the mesial frontal lobes as important generators of atonia. 21 The duration of atonia ranged from several seconds to hours with most of the cases presenting with atonia that lasts several minutes. Scalp EEG recordings were available in 15 patients whereas EEG was recorded with subdural electrodes in 3 cases 22, 23 and our case. 24 Ictal scalp EEG findings pointed to the central region in many cases. However, midline and parietal and temporoparietal patterns were also observed. Invasive EEG recordings identified the mesial frontal region and the precentral gyrus as ictal generators. 22, 25 Imaging identified a lesion in 10 cases (56%). For a more detailed description on these findings see Table 1 . In addition we identified 7 patients in whom ictal atonia was present but coincided with some degree of impairment of consciousness. These seizures do not fulfill the strict criteria of atonic seizures. Interestingly in those seizures, trunk or generalized atonia occurred more frequently and in many of these patients during the seizure periodic lateralized epileptiform discharges were observed in EEG indicating a more widespread brain pathology (for a summary of these cases see Table 1 ; case I-VII)
Proposed pathophysiology of focal atonic seizures
Precise pathophysiological and anatomical insight into the neuronal activity underlying the clinical manifestation of atonia can be gained by intracranial recording of spontaneous atonic seizures or from cortical stimulations, either intra-or extracranial, eliciting atonia.
Activation of PNMA/SNMA
Pioneering studies showed that not only activation but also disruption of muscle activity as seen in atonia can be elicited by intracranial electrical stimulation of distinct areas of the cortex. 11 Following reports showed that two cortical areas, one on the lateral and one on the mesial frontal cortex were able to elicit such responses when stimulated. According to the negative motor phenomena that were produced by stimulation of those areas, they were coined primary and supplementary negative motor area (PNMA/SNMA; Fig. 2A ). The PNMA lies anterior to the primary motor face area and the SMNA was mapped anterior to the face region of the supplementary sensorimotor area of the mesial frontal lobe (SMA; 25). Stimulation of these areas produces predominantly contralateral but also, though to a lesser extent, ipsilateral atonia of predominantly limb muscles. 26 In a study that looked at precise stimulation findings within the mesial frontal cortex, atonia was described in limb and tongue muscles. 27 The neuronal pathways by which the negative motor areas exert atonia are not fully understood. Beside cortical stimulation studies in humans, primate studies and diffusion tensor imaging studies provide some insight into the network underlying atonia due to activation of the negative motor areas. 28 Studies in primates indicate that there is a cytoarchitectural difference between the ventral and rostral SMA. The ventral part in these studies represents the SNMA. Unlike the SMA that contributes 10% of the fibers to the cortico spinal tracts, it has been shown that the SNMA has no direct corticospinal pathways and has no direct connections to the primary motor cortex implying that it is primarily involved in planning of movement. [29] [30] [31] [32] [33] In keeping with this concept stimulation of negative motor areas may parallel the negative effects observed with direct cortical stimulation findings when investigating higher cognitive functions, such as language, and may thus represent a form of apraxia. 26 However, given the loss of tone observed in atonic seizures, a direct inhibitory effect of the negative motor areas on the primary motor region is a good explanation; and though the pathways may involve a network, stimulation of these areas finally leads to disruption of positive motor activity.
Primary motor area activation
Beside the areas defined as negative motor areas using cortical stimulation mapping techniques, negative motor responses have also been linked to the primary motor cortex.
Transcranial magnetic stimulation studies have shown to not only elicit a positive motor response (motor evoked potential; MEP), but they have shown that such stimulation can also induce a decrease in EMG activity, a phenomenon coined silent period. [34] [35] [36] This inhibition is caused by spinal mechanisms in the initial phase, whereas cortical inhibitory afferent feedback contributes to the later stages of the silent period. [37] [38] [39] [40] The generator of this negative motor activity is in close vicinity to the region that produces the positive motor response and most likely overlaps to a large extent with this region. 41 For a more comprehensive review see. 26 This mechanism most likely accounts for the negative myoclonus seen in epilepsy (Fig. 2C ). Positive and negative motor coupling as seen in the MEP followed by the silent period is also paralleled by the fact that negative myoclonus is often preceded by a positive phenomenon.
In keeping with the hypothesis that the primary motor cortex is a generator of atonic seizures, in a case reported by Matsumoto et al., limb atonia was demonstrated with rhythmic epileptiform discharges in the precentral area. 25 Interestingly, this area when electrically stimulated showed positive motor responses. This phenomenon may be explained by the amount of cortex involved in the epileptic discharge. It was shown that epileptic foci created at different depth in the motor cortex of animals showed that superficial foci similar to foci involving the all layers of cortex produce indistinguishable epileptiform discharge. However, only the focus involving all cortical layers was able to produce a spinal discharge. 42 The same authors also reported that spikes localized in the superficial layer produced sustained inhibitory activity in the deep layer. 43 Taken together this may explain negative motor activation when an epileptiform potential is recorded over the motor cortex. Beside the primary motor area, atonia has also been linked to the primary somatosensory cortex. A previous case series of three patients pointed out that atonia was observed with circumscribed lesions of the primary somatosensory cortex (S1 23, 25 ). It has been therefore hypothesized that the lesion in the S1 might feed into the pathway responsible for the silent period (Fig. 2D) or focal discharges at S1 might feed selective or predominant activation of the inhibitory motor system represented by the negative motor areas (Fig. 2B ).
Activation of corticoreticulospinal fibers
It was suggested that the pathophysiology underlying limb atonia is different from that underlying axial atonia. There is evidence that fast corticoreticular pathways produce marked inhibition of the postural tone particularly of axial muscles ( 43, 44 ; Fig. 2E ). Postural loss of tone is a hallmark of patients with generalized epilepsy and diffuse cortical lesions but has also been in patients with focal seizures. 46, 47 The brain areas involved in bilateral, predominantly proximal loss of muscle tone are distinct nuclei in the pons and the medulla oblongata. 44, 48, 49 Corticoreticular neurons project ipsilateral to the upper portion and bilateral to the lower portion of these nuclei 50, 51 and therefore unilateral activation of the pathway in animals leads to bilateral muscle tone loss. However, given that corpus callosotomy in humans has some benefit in patients with drop attacks including patients presenting atonic drop attacks 12 there must be a need for synchronization at the level of the hemispheres rather than just a bilateral activation of the reticulospinal pathway. Atonia generated via stimulation of this pathway is independent from direct corticospinal pathways and similar pathways might be involved in the generation of cataplexy. 26, 52 This pathway is activated by primary motor centres, premotor area and prefrontal cortex 50, 53 which also explains that in axial atonia preceding muscle contraction of axial muscles is a well recognized phenomenon. Activation of this pathway results in a rapid loss of proximal muscle tone which is clinically often observed in generalized epilepsies, however, has also been described with focal seizures. Recent reports suggested that compared to trunk atonia observed in generalized epilepsies with a typical trunk atonia and fall developing quickly <1 s trunk atonia in focal seizures develops less rapid >1 s. 46, 47 This finding implies that different generators are involved that are most likely preceding a common final pathway leading to trunk atonia.
Conclusion
Atonia is an under recognized ictal phenomenon in focal seizures with a non-consistent nomenclature contributing to misconceptions on semiology and pathophysiology of this seizure type. Atonic seizures are best defined with simultaneous EEG recordings and the semiology of focal atonic seizures includes both limb atonia and trunk atonia. The different concepts on the pathophysiology underlying atonic seizures involve negative motor and primary motor area activation and activation of corticoreticulospinal pathways; however, the exact mechanisms are not fully understood. Further clinical and experimental characterization of this enigmatic semiology will improve the understanding of atonic seizures and therefore might aid in correctly localizing this seizure semiology in patients with pharmacoresistant epilepsy.
